The primary aims of this study were to utilize a specialized culture system to further elucidate the functional significance of pericellular hypoxia within the granulosa cell
INTRODUCTION
A critical occurrence during ovarian follicle development is the establishment of a support network of blood vessels to transport essential nutrients, including oxygen, and a myriad of regulatory and messenger entities to the cells. Vascularization in growing follicles has been linked to the increasing levels of hypoxia-induced angiogenic factors [1] [2] [3] , which are generated as a result of steadily increasing cell density in the somatic cell compartments. The reduced pericellular oxygen levels [4] initiate a default hypoxia response similar to that found in other mammalian cells under low oxygen tension, such as in growing tumors [5] , disease-related oxygen-restricted tissue [6] , or cells grown in vitro in low-oxygen atmospheres [7] . A steady enlargement of the granulosa compartment is a feature of follicular progress toward the antral phase of development, and this leads to the granulosa cell (GC) layers becoming progressively more oxygen and nutrient restricted [8] . From the onset of the antral phase of folliculogenesis there is a gradual and steady development of the follicular vasculature. However, though the GC compartment remains devoid of blood vessels throughout folliculogenesis, it is now widely believed that factors produced by it play important roles in mediating theca vascularization [9] . There is also increasing support for the suggestion that the extent of vascularization may be critical in determining follicle fate.
Besides angiogenesis there are several other well-documented cellular responses to hypoxia that also appear to be critical to follicle fate, such as proliferation inhibition and other cell-survival mechanisms. A number of studies also relate hypoxia to both inhibition and induction of apoptosis [10, 11] . Despite these processes being highly studied [6, 12] , the extent that they are involved in follicle progression through the antral phase and during ovulation remains to be fully elucidated.
During normal folliculogenesis both GCs and theca cells (TCs) are known to produce angiogenic factors [13, 14] , the most important of which is vascular endothelial growth factor (VEGF). However, as the GC compartment remains avascular it seems probable that a subsequent rise in these factors could impact on other cellular processes during follicular development and may even be critical to their outcomes. The angiogenic marker VEGF undergoes significant up-regulation during hypoxia, and mRNA and protein have been recorded in the follicles of several mammalian species, including human [15, 16] , rat [17] , swine [18] , and bovine [19] . In swine it has been shown that VEGF mRNA is expressed in both GCs and TCs, and the VEGF protein itself has been found in all compartments including the oocyte. In particular, the VEGF-A classification of isoforms has been associated with follicle [16, 18] and corpus luteum [20] development, and of these, four have been identified as predominant forms in several large domestic mammalian models. These have number designations in accordance with the number of amino acid residues incorporated in the translated protein. VEGF 120 and VEGF 164 have been detected in pigs and cattle [14] , and VEGF 120 , VEGF 164 , VEGF 188 , and VEGF 204 in sheep [21] . Other alternative splice variants reported to be less common in these mammals are VEGF 144 and VEGF 182 . A second family of antiangiogenic VEGF isoforms, which are counterparts of most of the proangiogenic variants [22, 23] , has been shown to be expressed from the same gene in a number of different cell types and species. These have been designated VEGF xxx b splice variants and are generated as a result of an additional splicing event in some alternative mRNA transcripts. These variants have the proangiogenic stop codon deleted along with a section of the 3 0 sequence but incorporate an alternative sequence and stop codon. There is also at least one report providing evidence that VEGF 165 b (mouse equivalent to sheep VEGF 164 b) is expressed in mouse GCs and TCs [24] and that normal follicle development may be controlled by the balance of VEGF 165 b:VEGF 165 .
It is widely accepted that during exposure of tissue to a steadily increasing pericellular hypoxia the stabilization of HIF-1a and consequent activation of the HIF-1 transcription factor complex leads to transcription-rate modifications occurring in HIF-1 target genes such as VEGF [25] . In support of a progressive hypoxia occurring in the pericellular spaces in developing follicles, a number of reports have described VEGF mRNA in the follicles of primates [3, 26] , including humans [1, 15] , as steadily increasing during the progressive growth of dense multilaminar somatic cell compartments and accompanying the onset and development of a follicular vascular sheath. These events also mark the follicle's switch from the state of gonadotropin responsiveness to one of gonadotropin dependence [27] . It is likely that VEGF is tightly regulated, as elevated follicular fluid levels are a characteristic of both polycystic ovary syndrome [28] and in cases of ovarian hyperstimulation syndrome.
The principal aim of this study was to further elucidate VEGF-A regulation in the GC compartment of growing follicles utilizing an in vitro approach designed to generate structural and environmental similarities with the in vivo situation. Thus, this work tested a novel strategy for inducing hypoxic, three-dimensional GC structures in order to address the question of how VEGF regulation relates to the concomitant, naturally induced pericellular hypoxia. The approach capitalizes on a serendipitous characteristic of ovine GCs that have been cultured under conditions designed to retard spontaneous luteinization and allow induction of cell differentiation after gonadotropin stimulation. Under these specialized conditions, cells form into steadily expanding clumps or clusters that may have many similar characteristics to the GC compartments of secondary and tertiary follicles. We hypothesized that pericellular hypoxia steadily develops within these growing multicellular structures, and that this will induce cellular responses that closely resemble those occurring within the GC compartment of growing follicles, particularly in regard to the expression and regulation of VEGF-A proangiogenic and antiangiogenic splice variants.
MATERIALS AND METHODS
All reagents were purchased from Sigma-Aldrich Co. Ltd. unless otherwise indicated.
Tissue Collection and Cell Isolation
Ovine ovaries were taken from freshly slaughtered (local abattoir) animals and maintained at 378C in a collection/dissecting buffer of Dulbecco modified Eagle medium with 1% penicillin (5000 U/ml)/streptomycin (5 mg/ml) solution, 1% Fungizone (amphotericin B; 250 lg/ml), and 20 mM HEPES. GCs were obtained from cleanly dissected, morphologically healthy small antral follicles (3 mm or less in diameter) as previously described [29] . Cells were then washed twice by flushing and centrifuging at 800 3 g for 10 min in a culture medium of McCoy 5a with sodium bicarbonate containing 250 lg/ml bovine serum albumin (BSA), 1% penicillin (5000 U/ml)/streptomycin (5 mg/ ml) solution, 15 mM L-glutamine, 20 mM HEPES, 10 lg/ml transferrin (Merck Biosciences Ltd.), 4 ng/ml selenium (sodium selenite), 100 ng/ml testosterone, 1 ng/ml insulin-like growth factor type 1 LR3, 10 ng/ml insulin, and 1 ng/ml ovine follicle-stimulating hormone (FSH). Finally the viability of the cells was determined by trypan blue exclusion and they were seeded in 24-well Nunclon microtiter plates (Nalge Nunc International) at the rate of either 1 3 10 6 or 1 3 10 5 viable cells per well in 1 ml of culture medium for the high-density-(HD) and low-density (LD)-seeded groups respectively. For the conventional PCR identification of VEGF splice variants in GCs, cells were seeded at 5 3 10 5 viable cells per well (24-well plate) and cultured for 16, 24, 48 , and 96 h. A sample of cells was retained as the 0 h time point sample and stored at À208C in 150 ll of RNeasy RTL buffer (Qiagen) containing 1% b-mercaptoethanol. TCs for follicles either up to or more than 3 mm diameter were retrieved as intact tissue (shells) after the GCs had been flushed and separated. The TC shells were disrupted by incubation for approximately 20 min at 378C with a cocktail of proteases in PBS including 5% (w/v) collagenase, 1% (w/v) protease and hyaluronidase, and 1% (v/v) fetal bovine serum [30] . This process also removed contaminant GCs.
Cell Cultures and Transfections
For each experiment two groups of three replicates of HD-and four groups of three replicates of LD-seeded ovine GCs were plated as described above and allowed to settle for 12 h. After this time 200 ll of medium was removed from all wells and one group of HD and two groups of LD were transfected with HIF-responsive luciferase (HRE-Luc) reporter gene plasmids (Cignal Reporter Assays kit; Tebu-Bio-UK) by addition of 200 ll/well of complete GC medium containing 500 ng HRE-Luc, 12.5 ng (1:40 HRE-Luc) of kit-provided exogenous control, and FuGENE HD transfection agent (Promega Corporation) at a ratio of 3:1 FuGENE HD reagent to plasmid DNA. The other groups received 200 ll/well of the complete medium alone and were maintained untransfected. After an additional 24 h, to allow the cells to optimally take up the reporter constructs and exogenous control, one group of LD cultures from both the untransfected and the transfected cells was treated with 250 lM cobalt chloride, in accordance with the method used by the reporter assay kit provider, whereas the other groups remained untreated but received the same volume of medium per well. After a further 18 h of culture the media was removed and reserved for assaying 17b-estradiol (E2) and progesterone (P4) production. The cells were harvested and the transfected cultures were assayed for luciferase production using the Dual-Luciferase Reporter Assay System kit (Promega) and the untreated cells were lysed in RTL buffer (Qiagen, West Sussex, U.K.) and purified total RNA was isolated for analysis by quantitative PCR (qPCR) utilizing RT-PCR and real-time technology. Isolation and purification of total RNA was by RNeasy kits (Qiagen) and first-strand cDNA libraries were constructed using the Verso cDNA kit (Thermo Scientific).
Immunocytochemistry and Immunohistochemistry
Ovine GCs were seeded at HD and LD in 200 ll complete GC medium (formula described earlier) per well onto eight-well Lab-Tek chamber slides (Sigma-Aldrich). After 48 h the cells were gently washed in PBS and fixed under 4% paraformaldehyde (PFA) for 7 min to prepare them for immunocytochemistry (ICC). Once fixed, the cells were again washed in PBS and the chamber structures were removed in preparation for automated immunolocalization and detection. In parallel processing 10-lm sections of 4% PFA-fixed and paraffin wax-embedded ovine ovary were mounted onto SuperFrost Plus microscope slides (Menzel-Glaser) and baked overnight at 458C to prepare them for immunohistochemistry (IHC). Both the ICC and IHC slides were placed in a Bond Max Automated Immunohistochemistry Vision Biosystem (Leica Microsystems GmbH) according to the following protocol. The IHC slides underwent dewaxing in a descending alcohol series, followed by epitope retrieval by treatment with 0.1 M sodium citrate for 10 min, after which they were washed as before in PBS. The cultured cells on the ICC slides did not undergo epitope retrieval. After the washing steps, peroxidase blocking was carried out for 10 min with a 3% hydrogen peroxide solution, using the Bond Polymer Refine Detection Kit DC9800 (Leica Microsystems GmbH). In accordance with this protocol, cells and tissues were again washed and then incubated with the primary antibody (VEGF [A-20]; sc-152; Santa Cruz Biotechnology) for 30 min. Subsequently, the slides were incubated with horseradish peroxidase (HRP)-immunoglobulin G (IgG) conjugate for 10 min and developed with 3,3 0 diaminobenzidine tetrahydrochloride chromogen for 10 min. Nuclei were counterstained with 0.02% hematoxylin.
Hypoxia was determined in relation to the activation of hypoxia-induced factor-1 (HIF-1), described later (Luciferase Reporter Gene Assay), and protein adducts of reductively activated pimonidazole that were generated utilizing the Hypoxyprobe-1 Omni kit (Hypoxyprobe Inc.). Ovine GCs were seeded on eight-well glass slides at LD and HD and cultured as described (Cell cultures and transfections). After 22 and 46 h of culture, hypoxyprobe-1 was added to the culture medium to a final concentration of 100 lM. After a further 2 h, in accordance with the supplier's instructions, the medium was removed from the cells and the cells washed, fixed, and immunostained as previously described (Immunohistochemistry and Immunocytochemistry) utilizing the primary antibody (PAb2627A) supplied with the kit and CF555 fluorescent secondary reagent (Biotium, Inc.).
MARSTERS ET AL.

Luciferase Reporter Gene Assays
Unless otherwise stated, all luciferase assay reagents were supplied by Promega Corporation. The assay procedure followed was as per the Promega protocol supplied with the Dual-Luciferase Assay System. Briefly, cells were harvested in passive lysis buffer and luciferase released by two freeze/thaw cycles. Using an automated microplate format for Modulus II luminometer (Turner Biosystems), preprepared luciferase assay reagent II was added to the sample and light emissions measured immediately. Preprepared Stop & Glo was then added and light emissions again measured immediately.
Conventional PCR
Conventional endpoint PCR followed by agarose gel electrophoresis was utilized to identify which alternatively spliced VEGF-A mRNA variants were expressed in cultured ovine GCs. The primer pair oVEGFex7F/oVEGFex8bR ( Table 1 ) was used to differentiate proangiogenic and antiangiogenic, exon 7-including, VEGF variants by size (proangiogenic variant PCR amplicons, 196 bp; antiangiogenic variant PCR amplicons, 130 bp). To determine the actual identity of the variants being expressed, the primer pair oVEGFex3F/ oVEGFex8bR was used in PCR amplification and the amplicons sequenced (antiangiogenic variants would lack the 8a stop codon). PCRs typically utilized 100 ng of cDNA, from libraries generated from ovine GC seeded at normal plating density (as described earlier). PCR reaction mixes utilized Pfu (Pyrococcus furiosus) DNA polymerase (Fermentas) and were typically performed over 40 cycles of 948C (DNA denaturing) for 10 sec, 608C (primers annealing) for 15 sec, and 728C (nascent strand extension) for 20 sec. The PCRs were completed by a final 10 min of extending time at 728C. Conventional PCRs were all performed qualitatively and VEGF isoform identities were confirmed by sequencing ( Table 2 shows the possible outcomes in terms of PCR amplicon size). The VEGF-A variant primers were designed utilizing published sequences (Table 1 , accession Nos. AF071015, AF250375, and EU857623).
qPCR Analysis
Unless otherwise stated, all qPCR reagents were supplied by Applied Biosystems. All qPCR was carried out on an Applied Biosystems 7500 FAST Real-Time thermocycler. Target genes HIF-1a, VEGF key isoforms, and VEGF receptor types 1 and 2 (VEGFR1 and 2) were amplified using gene-or isoform-specific primers (Sigma; Table 1 ). After conventional PCR identification of the predominant variants, their expression profiles were compared by real-time qPCR utilizing a common forward primer, oVEGFex3F, and either oVEGF120R or oVEGF164R (Tables 1 and 2 ) reverse primers. For analysis of total VEGF expression, where all variant mRNA was to be included, a universal primer set was used targeting VEGF exon 3-4 (oVEGFex3F/ oVEGFex4R, Tables 1 and 2 ). Where possible, all qPCR primer sets were optimized to similar PCR parameters. Accordingly, reaction mixes containing 23 SYBR Green Master Mix (13), specific primers (1 pmol each), and sample (100-500 ng) were heated to 948C for 10 min and then cycled 35 times at 948C for 30 sec, either 578C or 608C (Table 1) for 30 sec, and 728C for 1 min. Absence of nonspecific spurious products for each primer set was confirmed by melt-curve analysis and product identity was confirmed by sequencing.
ELISA Assays
E2 and P4 concentrations in the GC culture media were assayed by competitive ELISA. Microtiter plates (96-well) were precoated with either E2 antibody (ab 1025; Abcam) or P4 antibody (R7044X; Scottish Antibody Production Unit) diluted in 0.05 M carbonate coating buffer to a ratio of 1:64 000 and 1:32 000 respectively and left overnight at 48C. The following day the antibodies were removed and the plates washed three times in a wash buffer (PBS containing 0.005% . Afterwards the wells were blocked in 3% BSA in PBS for 1 h, followed by three washes (as above), before addition of 100 ll of a 1:5 dilution of the GC spent media that had been reserved from the earlier cultures (see Cell Cultures and Transfections) and an equal volume of either E2-HRP or P4-HRP conjugate (Abiox Company). The assay plates were then incubated for 2 h on an orbital shaker at 170 rpm. This was followed by five washes (as above described) and addition of 50 ll of HRP substrate (3, 3 0 ,5,5 0 -tetramethylbenzidine). After about 15 min (or after the development of a blue coloration) the HRP enzymatic reaction was halted by addition of 50 ll of Stop solution (1 N sulfuric acid) and the plate read at 450 nm. The sensitivities of the E2 and P4 assays were both 39 pg/ml (;90% of zero binding value) and the interassay and intra-assay coefficients of variation were both ,10%.
Statistical Analysis
Production of E2 and P4 was calculated as the concentration per 1 3 10 3 cells seeded in the cultures. ELISA plate interassay and intra-assay coefficients of variation were all ,5%. The qPCR results were analyzed using a ''relative standard curve'' method according to Applied Biosystems' analysis software package, version 2.0, incorporating a standard set derived from CoCl 2 -treated GCs. Semiquantitative comparisons between sample groups were made after the target gene expression had been normalized against cell number differences using an 18S endogenous control. The results shown are the means 6 SEM of at least three independent experiments, with each experiment having been carried out in at least triplicate. Sample group means were compared using either one-way or two-way ANOVA (SPSS software version16.0), and differences were considered significant at P , 0.05 values.
RESULTS
Morphology of oGC Grown in Culture
In the in vitro studies, ovine GCs, seeded at the rate of 5 3 10 5 viable cells per well (24-well plate), steadily formed into discrete clusters that progressively enlarged over time in culture (Fig. 1, a, 24 h, and b, 48 h). It was noted at 24 h postseeding that cluster formation in the LD-(1 3 10 5) and HD-(1 3 10 6 ) seeded GCs appeared distinctly different, with much smaller and many fewer cell clumps in the LD-seeded wells (Fig. 1c) compared to the large, densely populated cell clusters in the HD-seeded cultures (Fig. 1d) . After a further 18 h of culture the cell clusters in both groups were larger, but growth was more rapid in the HD cell aggregates. It was also noted that 
HYPOXIC RESPONSES IN OVINE GRANULOSA CELLS
there were no discernable differences in the morphology of the cells in the LD groups between those treated with cobalt chloride (not shown) and cells that remained untreated. However, it was observed that as the cell clumps enlarged there was a concomitant emergence of a separate subset of cells, and these were most apparent in the HD cultures (Fig.  1b) . Typically these were morphologically heterogeneous but distinguishable by elongated or branched, fibroblast-like cell bodies. These were comparatively few and from the same cell lineage as the GCs and thus were not felt likely to impact noticeably on the study outcomes. Antihypoxyprobe fluorescent immune staining demonstrated that though cells in clusters were generally hypoxic (Fig. 1, e-g ), the level was observed to be markedly greater in the large dense clusters of the HD cells. An absence of observable nuclear staining in these larger clusters, particularly, might indicate that the outermost cells (where hypoxia was least likely) were also highly immunostained for Hypoxyprobe-1.
HIF-1 Activation and Related mRNA Expression of HIF-1a, VEGF, VEGFR1, and VEGFR2
In the reporter gene transfected cells active HIF-1, as measured by production of luciferase from the HRE-LUC constructs, was around 15-fold greater (P , 0.001), after normalization against cell number differences, in ovine GCs seeded at HD compared to in LD-seeded cells (Fig. 2) . Heightened production of luciferase was also determined in LD-seeded ovine GCs after 18 h of treatment with 250 lM cobalt chloride compared to untreated cells (P , 0.01). Expression of mRNA for HIF-1a, VEGF (all isoforms), and VEGFR1 were all significantly greater in the HD-seeded GC cultures when compared to LD-seeded cells (P , 0.001, P , 0.001, and P , 0.05 respectively). In contrast, there were no significant differences in VEGFR2 mRNA expression between the three groups. Furthermore, in the LD-seeded cells, 18 h of treatment with 250 lM cobalt chloride did not elevate mRNA expression from HIF-1a or either of the VEGF receptor genes. However, this treatment did have a marked effect on VEGF (all isoforms) mRNA expression by inducing a greater than 6-fold increase in levels compared to in the nontreated LD-seeded culture (P , 0.001).
VEGF mRNA Splice Variant Expression in Cultured oGC
Four VEGF mRNA isoforms were detected in ovine GCs utilizing conventional PCR and primers that were designed to identify proangiogenic and antiangiogenic (VEGF xxx and VEGF xxx b respectively) splice variants (Fig. 3a) . Primers oVEGFex7F/oVEGFex8bR amplified a 196 bp PCR product in oGC, demonstrating that in these cells the only exon 7-containing variants that were expressed were proangiogenic. Two predominant VEGF-A splice variants were determined utilizing a primer set that straddled the whole deletion site (oVEGFex3F/oVEGFex8b), and these were confirmed by sequencing to be VEGF 164 and the exon 7-excluding isoform VEGF 120 proangiogenic isoforms. Two further variants were also detected (sequencing revealed them to be VEGF 182 and VEGF 188 proangiogenic forms) at very low copy number in both the HD and the LD cells. Utilizing isoform-specific primer sets that straddled specific deletion sites ( Fig. 3b and Tables 1  and 2 ) variants 120 and 164 expression over time were compared.
The in vitro expression profiles (Fig. 4a) for VEGF 120 in HD and LD GCs both follow a similar trend where expression was highest at the 16 h of culture time point, declined markedly until 96 h of culture, and remained at this minimal level thereafter. Levels of expression were not statistically different at any time point except after 48 h of culture, where expression was 1.5-fold more (P , 0.05) in the HD than the LD cells. As with the 120 variant, VEGF 164 (Fig. 4b ) expression in LD cells was at its highest at the earliest time point (16 h of culture), diminished thereafter to a basal level after 96 h of culture, and remained low to the end of the culture period. There were similar levels of VEGF 164 mRNA in the HD and the LD cells at 16 and 24 h of culture, but by 48 h of culture its expression had increased in the HD cells to nearly 2.5-fold (P , 0.01) that in the LD cells. Expression level returned to that found in LD cells by 96 h of culture and remained low to the end of the culture period.
Effect of Cell Cluster Formation on VEGF Production in Cultured oGC
Qualitative fluorescent ICC detected VEGF protein in abundance in and around clustering oGC from small clusters (Fig. 5a ) through to very large aggregates (Fig. 5, b and c) when compared to the negative control (Fig. 5d) . In contrast, VEGF protein was either not evident or at very low levels in nonclustered cells other than the subpopulation of fibroblastlike cells where immunolocalization of VEGF was detected in singles as well as grouped cells. MARSTERS ET AL. Outcomes were determined (after normalizing against an endogenous control) relative to LD and the results shown are the means of at least four separate experiments 6 SEM. Significant differences between the treatment groups in each case are denoted by different letters over the error bars (P , 0.05).
FIG. 3.
A forward primer targeting exon 7 (oVEGFex7F) and a reverse primer targeting exon 8b (oVEGFex8bR) were used in conventional PCR and after agarose gel electrophoresis (a, lanes 1 and 2), proangiogenic (196 bp) but not antiangiogenic (130 bp) mRNA isoforms were detected in oGC. When a forward primer from exon 3 (oVEGFex3F) was used in conjunction with oVEGFex8bR (lanes 3 and 4) and the PCR products sequenced it confirmed amplification of the VEGF 120 and VEGF 164 forms only. Size differences may be due to deletion of some or all of exon 6a, 6b, 7a, and 7b (b) and the selection of either the proangiogenic or antiangiogenic family of isoforms would occur as a result of the inclusion of either exon 8a or 8b (respectively) in alternatively spliced variants.
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Effect of Plating Density on E2 and P4 Production in Cultured oGC
The effect of cell plating density was also noticeable on cellular differentiation, as assessed by steroid production in ovine GCs (Fig. 6) . After 54 h of culture levels of E2 in the HD-seeded cell cultures were almost 13-fold less (P , 0.001) than in the LD-seeded cells, whereas there was no significant difference between the untreated LD-seeded cells and those treated for 18 h with 250 lM cobalt chloride. Similarly, the level of P4 in HD-seeded cells was less than half that in cells seeded at LD (P , 0.001). However, in contrast to the effect on E2, the production of P4 after 18 h of treatment with 250 lM cobalt chloride was markedly lower (P , 0.05) than in the untreated cells. 
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VEGF Expression in Follicle Somatic Cells
Immunochemistry analysis revealed that VEGF could be abundantly immunolocalized in and around the GCs throughout follicle development (Fig. 7, a-d) . However, though its presence was detectable in only very low amounts in the TC compartment of preantral follicles, its production appeared to increase steadily with follicle growth up to around moderately sized antral follicles. In marked contrast, it was observed that VEGF in the TCs of large preovulatory follicles was virtually undetectable (Fig. 7d) .
In broad agreement with this, VEGF mRNA expression in GCs from large antral follicles (!3 mm) was measured at similar levels to that in the cells from the small antral follicles (,3 mm; Fig. 8 ). This pattern was in direct contrast to expression in TCs in the same follicle size categories, where it was found that VEGF mRNA was around 3-fold higher (P , 0.01) in the small antral follicle cells than in the large. In these same cells it was found that although HIF-1a mRNA was very highly expressed at similar levels in GCs from both large and small antral follicles, in the TCs it was significantly lower in both categories of antral follicle (P , 0.001). Additionally, there was markedly less HIF-1a mRNA in the TCs of large antral follicles than in cells from small antral follicles (P , 0.05).
DISCUSSION
Though there are many reports describing VEGF-A isoform expression in developing follicles [8, 13, 18, 21] and there is an expanding body of evidence showing follicular fluid levels markedly increase as the follicle develops [3, 14] , to date their regulation and relative importance within these reproductive units has remained poorly understood. This present work sought to further elucidate VEGF expression status and regulation in the GC compartment, especially in regard to heightened and persistent pericellular hypoxia. A specialized GC culture system was utilized that provided the conditions necessary for gonadotropin-mediated cell differentiation, and estradiol production was used as a study inclusion criterion.
This culture system was shown to be a valid approach for studying cellular activity under naturally occurring pericellular hypoxia, as ovine GCs grown under these cell culture conditions spontaneously formed into gradually expanding clusters that became progressively more hypoxic. Furthermore, the extent and formation time could be manipulated by adjustment of seeding density such that large (150-200-lm diameter) densely packed multilaminar structures could be induced, within 48 h of culture, if cells were seeded at HD. Additionally, even though clustering of cells occurred regardless of seeding density and even moderately clustered GCs produce the markers of hypoxia, it was found that if cells were seeded at HD, then compact clumps formed more rapidly and appeared profoundly hypoxic earlier in the culture time course than in the LD cultures, making it possible to compare normally differentiating cell populations that were predominantly normoxic with those that were mostly hypoxic (LD and HD respectively).
In normally developing secondary follicles, cells within the progressively expanding multilayered GC compartment are known to become steadily more hypoxic, but may avoid lethal anoxia due to the onset of antrum formation [4] . Acute hypoxia down to a partial oxygen pressure (PO 2 ) of less than 5 mm Hg at 378C, in nonmalignant cells, might be expected to cause hypoxic cell injury or even cell death. However, a number of studies have indicated that mammalian cells are able, when subjected to gradually advancing hypoxia, to elicit an adaptive survival mechanism that primes them against the harsher effects associated with acute hypoxia [31, 32] . Initialization of this canonical adaptive response is marked by the stabilizing of HIF-1a [33] , which, though constitutively expressed, is rapidly degraded under normoxic conditions [34, 35] . Stabilization of HIF-1a allows interactivity between it and HIF-1b and the formation of the HIF-1 transcription complex. The present study has demonstrated that GCs grown in vitro can be induced to also grow in gradually increasing hypoxic clusters, which are able to adapt for survival in low oxygen. They show that HIF-1a mRNA expression is up-regulated and the HIF-1 signaling pathway is activated in the gradually expanding clusters of in vitro cultured GCs. In fact, levels of hypoxia were shown to gradually increase concomitant with cluster size so that the most intense staining for hypoxyprobe-1 was recorded in cultures where the size and density of the cluster were greatest. The likely PO 2 of less than 10 mm Hg at 378C in these dense clusters suggests that the cells had adapted to survive in very low oxygen. This process is reported to reversibly decrease oxygen demand and cell respiration, with a consequent reduction in the demand for ATP as nonessential cellular processes are switched off [32] . This is known as reversible oxygen conformance, during which reduced ATP manufacture leads to a reduction in the consumption of the energy source, which is glucose in the follicle and L-glutamine in cultured cells. However, though this seems likely in response to naturally occurring pericellular hypoxia in the GC clusters, it remains to be verified.
Interestingly, high levels of hypoxic markers, including hypoxyprobe-detectable protein adducts of reductively activated pimonidazole and activated HIF-1, were also detected on the outer cells of the large densely populated HD clusters. As these cells were in contact with the media where the oxygen environment would be expected to be around 20%, it seems likely that the hypoxic cellular response detected must have been via interactions with cells located more internally where the pericellular environment was hypoxic. The findings of an earlier study may explain this phenomenon, as it reported that nitric oxide produced by cells under hypoxia acted as a diffusible paracrine factor for inducing a wider spread of cells to manifest a hypoxic adaptive response, even cells that were not subjected to low ambient oxygen levels [25] .Our findings concur with other reports [36, 37] , in that the addition of the ''hypoxia-inducing'' agent cobalt chloride to the cultures caused HIF-1 activation even in cells where pericellular hypoxia was at its lowest (i.e., the LD-seeded cultures with the fewest and smallest cell aggregates). Moreover, these studies support the contention that VEGF mRNA expression can be up-regulated by the HIF-1 transcription factor complex, as, in both the HD-induced pericellular and the cobalt chlorideinduced hypoxia cells, VEGF expression mirrored a marked elevation in HIF-1 activation. However, our studies found that after 18 h of cobalt chloride treatment, though HIF-1 was activated and VEGF mRNA markedly increased, up-regulation of HIF-1a mRNA was not apparent, as it had been in the HD cells grown over the same time period. One possible mechanism of action that fits this scenario involves estradiol, which has been shown to attenuate induction of hypoxia responses and to down-regulate HIF-1a in some cell types [38, 39] . Moreover, in our studies estradiol was markedly lower in the HD compared to the LD cells, and this may therefore link to concomitant high levels of HIF-1a mRNA expression. Conversely, a similar high level was not noted in the HYPOXIC RESPONSES IN OVINE GRANULOSA CELLS chemically induced hypoxia cells, where estradiol was unaffected by cobalt chloride and remained at expected levels for these cell cultures [40] . There was also a marked decline in P4 production in both the HD and the CoCl 2 -treated cells after 48 h, and this also accompanied increases in VEGF mRNA expression. Taken together with a previous report showing a similar hypoxic effect on P4 production in monkey corpus luteum [41] , these data suggest that the hypoxic adaptive response includes the down-regulation of steroidogenesis, with testosterone aromatization being markedly affected. They also support the contention that the adaptive response to chronic hypoxia is progressive and multilayered [31, 32] , with upregulation of cell survival mechanisms such as mediators of angiogenesis appearing to be followed by the shutting down of unnecessary energy usage, including gene transcription, as noted in the case of VEGF after 48 h of culture. Even HIF-1a may undergo transcriptional down-regulation, and this may explain the low levels after an extended period (18 h) of pharmacological hypoxia. Moreover, a previous study found that HIF-1a mRNA transcripts were scarce or absent in the multilaminar granulosa compartments of marmoset preantral and antral follicles [42] .
This work also characterized cultured ovine GCs with regard to their expression of VEGF-A mRNA splice variants. An extensive scrutiny of VEGF-A gene transcription products in these cells failed to detect any evidence of the antiangiogenic (VEGF xxx b) forms described in previous studies [22] [23] [24] , and as cells utilized for this present work were exclusively derived from small antral follicles, the findings concur with those of the latter of these reports, which found that though VEGF 165 b was apparent in both GCs and TCs of primary and secondary follicles in mice, it was absent from tertiary follicle GCs.
Only VEGF 120 and VEGF 164 proangiogenic forms were detected at levels that could be accurately quantified, with VEGF 182 and VEGF 188 proangiogenic forms also being noted but only at or around background levels, and it is not clear what, if any, biological relevance may be attached to them. The marked decline of VEGF mRNA expression noted in the present study, during the early stages of the GC culture and that occurred regardless of plating density, concurs with the findings of an earlier in vitro study of bovine GCs [39] . This report showed that many genes seem to undergo a marked reduction of expression following cell separation during harvesting and washing, recovered as cell-cell communications began to be reestablished. In the present study, declining VEGF gene expression was shown to also be reversible, though only transiently, under pharmacological hypoxia and in the HD cultures where physiological hypoxia was greatest, with increases in VEGF 164 mRNA appearing to be most responsible for this resurgence. By comparison, VEGF mRNA expression recovery was minimal in the LD-seeded cultures, where cohesive clusters of cells were also forming at a slower rate and to smaller dimensions than in the HD cells. Although VEGF mRNA was significantly up-regulated under both CoCl 2 -induced and cell density-mediated hypoxia, the marked elevation under pharmacological hypoxia was significantly greater than in the HD cells.
However, the transient nature of the VEGF mRNA expression revival in the HD cultures suggests a further regulatory mechanism may be active. One candidate inhibitory pathway that fits these outcomes could be linked to the secretion of VEGF into the pericellular spaces. Extracellular spatial limitations may be able to impact on production of the VEGF 164 isoform, as it has been reported [35] that between 50% and 70% of this variant is captured by cell-surface moieties [43] and retained on the outer cell membrane and in the extracellular matrix. It therefore seems feasible that expression-inhibition of this isoform may be due to a concomitant increase in cytoplasmic concentrations as availability of extracellular storage space diminishes. Furthermore, this inhibitory feedback appeared to be at gene level as VEGF 120 expression was similarly affected.
Stored VEGF, which can be released from the pericellular spaces of the GC compartment of growing follicles as the antrum steadily expands, may explain the accompanying increase in concentrations within follicular fluid. Though both VEGF 120 and VEGF 164 are found in follicular fluid, the latter is the predominant form, and, as a powerful inducer of new blood vessel growth, may have a critical role in corpus luteum vascularization [24] . In contrast, the 120 variant appears to manifest only weak angiogenesis bioactivity [44, 45] , with cell leakage and induction of vascular porosity being key functions in endothelial cells [46] . How it functions in the GC compartment of developing follicles is unclear but its ability to induce cells to leak and become unstable could suggest a role in antrum formation via cell leakage-mediated apoptosis.
VEGF 164 and VEGF 120 are reported to signal via VEGFR1 and VEGFR2. However, this study found that in cultured ovine GCs, VEGFR1 and not VEGFR2 mRNA expression was upregulated coincident with raised cell density-mediated hypoxic cellular responses (HD cells), and this concurs with previously reported findings in human umbilical vein endothelial cells [47] . Chemical induction of hypoxia did not have the same effect, and this suggests that regulatory mechanisms may be specifically linked with cell cluster formation or the accompanying physiological hypoxia. Autocrine cellular responses to both VEGF variants therefore seem likely in the cultured cells, and this may also be the case in the GC follicular compartment, especially because this study observed in whole sheep ovary sections that VEGF was highly detectable in follicles with dense GC compartments, such as in large preantral and antral follicles. As VEGF can be up-regulated by the HIF-1 transcription complex, its abundance in the multilaminar GC compartments supports the contention that there may also be elevated levels of pericellular hypoxia, but this remains to be verified. However, it was apparent that VEGF protein was produced in GCs throughout folliculogenesis, including singlelayer primary follicles. This suggests that VEGF production in the GCs of growing follicles may, as in the case of cultured cells, also not be exclusively linked to a hypoxic stimulus. One possible explanation for the presence of VEGF in small follicles may be deduced from a number of reports that have noted that some GC-precursor cell characteristics appear to have been retained in GCs after primordial follicle assembly [48, 49] .
In conclusion, in addition to identifying the important VEGF splice variants produced in cultured ovine GCs, this study has provided further insights into the complex and dynamic local regulation of the key gene expression alternatives VEGF 164 and VEGF 120. Our findings indicate that cellular levels may be adjusted or maintained by shifts in the stimulation:inhibition balance. We report that these two VEGF mRNA expression variants were differentially up-regulated in cultured GCs under cell density-and pharmacologically induced hypoxia. However, under the latter conditions, cultured GCs seemed to be able to elevate levels of VEGF in a hypoxia-independent way, which also added support for a previously reported [41] inhibition of the canonical HIF-1 nuclear signaling pathway by estradiol. Furthermore, our findings are consistent with a VEGF concentration-dependent feedback mechanism coming into play as its storage in the extracellular compartment reaches maximal capacity.
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